Abstract: Cimarron County, Oklahoma and Union County, New Mexico, neighboring counties in the Southern High Plains, are part of a vital agricultural region in the United States. This region experiences extended periods of cyclical drought threatening its ability to produce, creating an incentive for extensive center pivot irrigation (CPI). Center pivots draw from the rapidly depleting High Plains Aquifer System. As a result, the prospect of long-term sustainability for these agricultural communities is questionable. We use Remote Sensing and Geographic Information Systems to quantify growth in land irrigated by CPI between the 1950s and 2014, and key informant interviews to explore local perspectives on the causes and impact of such growth. In Cimarron County, OK, CPI increased by the mid-1980s, and has continually increased since. Results suggest adaptation to drought, a depleting aquifer, high corn prices, and less rigid groundwater regulations contribute to CPI growth. Conversely, CPI in Union County, NM, increased until 2010, and then declined. Results also suggest that drought-related agricultural changes and more aggressive well drilling regulations contribute to this decrease. Nevertheless, in both counties, there is a growing concern over the depleting aquifer, the long-term sustainability of CPI, and the region's economic future.
Introduction
The decline of the High Plains Aquifer System is considered one of the greatest water management and agricultural concerns currently facing the United States [1] . At the current rate of depletion, 35% of the Southern High Plains will be unable to support irrigation for agriculture within the next thirty years [2] (p. 9321). Given the extensive socio-economic implications of groundwater depletion, research that evaluates current groundwater governance policies and explores possible consequences of those policies is expansive [1, [3] [4] [5] . More so, how these consequences contribute to community and agricultural vulnerability, has also lead to increasing research on vulnerability, resilience and the role of water governance and politics on sustainable groundwater use [6] [7] [8] [9] .
Here, we use a mixed methods approach to study the relationship between center pivot irrigation (CPI) growth, water governance, and adaptation and vulnerability of residents in a bi-county region (Cimarron County, OK, USA and Union County, NM, USA) situated in the historic epicenter of the Dust Bowl [10] . We utilize remote sensing (aerial photograph interpretation) and Geographic Information Systems (GIS) to quantify CPI changes and key informant interviews to explore institutional or policy explanations of these changes. Specifically, we ask:
1.
How much has CPI growth changed over both space and time (1950-2014)? 2.
What governance policies and practices influence the changes in CPI? 3.
How do local communities perceive the role of CPI use in relationship to vulnerability and drought in the region?
In order to answer these questions, we first present the theoretical underpinnings as a foundation for our research. Literature on water governance, vulnerability and resilience is reviewed; second, we provide a description of the study area and comparative study site, as well as the data sources and methods used; third, we present our results from our mixed methods approach; finally, we discuss implications of the results, and conclude that governance plays a major role in influencing CPI growth and community vulnerability.
Water Governance
The term governance encompasses not only government and policies, but also the range of actors and political practices that shape environmental decision-making [7, 9] . Water governance in particular, refers to the "range of organizations, institutions, laws and discourses that coordinate, regulate, or manage water allocation and use" [7] (p. 619). As such, governance includes formal laws, but also more informal arrangements with local stakeholders. A water governance framework does not simply look at government or policy to understand the management and regulation of water resources. Instead, focusing on water governance, as relationships and power dynamics between actors and resources, can help to reveal the implications of policies from multiple levels of actors and institutions on local water users [8, [11] [12] [13] .
Jepson [7] uses a water governance framework to explain how water laws and political discourses are used to exclude a disenfranchised group of water users in Texas. Welsh and colleagues [14] also use a governance framework to assess how farmers in the Bear River Region in Utah, who have the most legally secure water rights, are somehow also the most vulnerable to severe drought. During times of drought, these farmers are accustomed to having readily available irrigation water. However, when water is no longer available, farmers often lack past non-irrigated drought experience or knowledge to adapt accordingly. Welsh and colleagues [14] (p. 3) argue that, "drought vulnerabilities are shaped not only by natural contexts, but social contexts as well." The social contexts of drought vulnerability include: political, institutional, geographic, economic, and social structures [15] [16] [17] . Institutions often create reactive policies that may actually increase vulnerability instead of being proactive to reduce or mitigate impacts due to drought [14] . Thus, it is important to understand what role governance plays in fostering communities and ecological systems that are less vulnerable.
Reducing Vulnerability and Fostering Resilience through Local Knowledge and Adaptations
Vulnerability and resilience are terms that are relevant to both the biophysical/ecological realm and the social/human realm [18] . Vulnerability, which is generally social in nature, is defined as "the state of susceptibility to harm from exposure to stresses associated with environmental and social change, and from the absence of capacity to adapt" [19] (p. 297). Vulnerability reduces the ability for people or communities to resist and adapt to ecological or social pressures. Focusing on vulnerability is considered a powerful analytical tool that can be used to describe states of susceptibility to harm, marginality and powerlessness of social and biophysical systems [20] . The key to reducing vulnerability, whether for a person, community or ecosystem, is having or fostering resilience. "Resilience thinking" originates from studies of ecological systems, and historically focused primarily on biophysical impacts [21] (p. 255). For instance, an ecological resilience case study by Zhang et al. [22] , utilizes the Tolerance amount of a Water Network (TaWN) to quantify the resilience of a water network (see also Botherton and Joyce [23] ). This study assesses the impacts of extreme weather events such as drought, for plant function and biodiversity and resilience.
Resilience studies, however, increasingly emphasize understanding the dynamics of both social and ecological interactions, as part of a coupled human and natural system [24] . Here, resilience, is used in reference to social-ecological resilience. For this study, social-ecological resilience is defined as the "capacity of a system to absorb disturbance, reorganize while undergoing change and still be able to retain the same or similar functionality or state as prior to a disturbance" [25] (p. 2). These reorganizations and absorptions are often in the form of adaptations, which help communities or systems better cope with and adjust to disturbances. Within the social component of social-ecological resilience, systems are able to learn and change or adapt through institutional contexts as in sharing past knowledge, social capital and strong social connections [21] . Generally, such studies are mainly quantitative in nature. For example, Huang et al. [26] quantitatively assess socio-economic drought and resilience in China using a Multivariate Standardized Reliability and Resilience Index. Rajsekhar et al. [27] also use quantitative methods to develop a drought index method to assess drought vulnerability to socio-economic factors in Texas to achieve more effective strategies for drought resilience.
While ecological resilience is often quantitative, there is an increasing call by scholars to assess social-ecological vulnerability and resilience in more qualitative ways. Qualitative assessments instead focus on lived experiences, histories, and perceptions [28] [29] [30] . More so, scholars stress the need to understand and assess social-ecological vulnerability and resilience from a local scale. This local scale analysis is imperative for learning adaptive lessons from past local knowledge [31] [32] [33] . McLeman and colleagues [33] suggest that in order to uncover knowledge about vulnerabilities, adaptive behaviors, and processes in agricultural regions, researchers need to look at historically comparable situations. In turn, this will provide important lessons for present day policy makers [33] . Langridge and colleagues [32] also encourage a historical analysis approach for studying processes and relations that create social resilience in order to reveal local insights [32] . These scholars illuminate the importance of drawing from local knowledge to inform their research and create better solutions and policies for social-ecological resilience. In stressing the social-ecological couplings of vulnerability and resilience, we use a mixed methods approach to better balance aspects of environmental change (quantifying CPI growth through remote sensing) and the social impacts thereof (qualitative perception based methods). Next, building on this theoretical framework, which connects local knowledge and adaptations with resilience and water governance issues, we explore the study area and our mixed methodology.
Materials and Methods

Description of the Study Area
United States High Plains
The United States High Plains Region is a sub region of the Great Plains and includes parts of Wyoming, South Dakota, Nebraska, Colorado, Kansas, Oklahoma, New Mexico and Texas [34] . The High Plains Region has a semi-arid climate where drought is a natural and recurring feature of the area. Though the region has had many drought occurrences, the most well-known drought took place during the 1930s and is known as the Dust Bowl [35] . The Dust Bowl devastated agricultural production, and subsequently the communities, for nearly a decade. This extreme long-term drought event transformed the residents' attitudes and agricultural practices in the High Plains. The Dust Bowl also marshaled in new proactive programs to help agriculturalists and communities to cope with and better manage drought related issues. Programs such as the Soil Conservation Agency, now known as the Natural Resources Conservation Service, started educational projects on soil conservation measures amongst other things [36] . Such programs continued to play an important role in mitigating the effects of the cyclical droughts over the past century.
The region also experienced prolonged periods of severe drought in the 1950s, 1970s, 1990s, and, most recently, from 2001 to 2014, (though this period was interspersed with times of relatively normal rainfall) [37] . During the drought in the 1950s, a larger area was actually affected than during the Dust Bowl. Fortunately, however, with the new programs, educational projects and conservation techniques, the extensive conditions of the 1930s were prevented [38] . While not as extensive, the drought in the 1970s brought new challenges and awareness of water management issues, particularly for irrigated cropland [39] . The most recent drought from 2001 to 2014, particularly from 2011 through 2014, is quite significant and had conditions dryer and hotter than during the Dust Bowl years [37] . The number of sustained drought years has been longer than previous drought cycles as well. These drought cycles and other harsh climatic factors cause great pressure on the communities and their livelihoods [3] .
The High Plain's communities are part of a vital ranching and agriculture region in the United States, and local economies are highly dependent on agriculture. The region is known as the "grain basket of the United States" [2] (p. 9321). Crops grown in the area provide a considerable proportion of the total crop production in the United States. Approximately 55.6% of the lands currently are dedicated to rangeland and 40.9% to agriculture [40] , of which 28% is irrigated [40] . During most years, irrigation is required for economic yields for the cash crops including: alfalfa, corn, cotton, sorghum, soybeans, peanuts, and wheat [40] .
In addition to being an important area for crop production, the region also accounts for about 18% of cattle production in the United States [40] . Cattle production in this region, in particular, relies heavily on the vast amount of cereal grains grown in the area such as corn, soybeans, wheat, barley and sorghum. This is especially true during drought when grass is inadequate to support cattle's needs [41] . During such times, it is necessary for ranchers to supplement the cattle's diet with feed. The most common feed grain is corn, particularly in the High Plains Region and is essential to sustain the large cattle populations and feedlots [41] .
While flood plain irrigation occurs to a lesser extent along the Dry Cimarron River, the primary source of water for the irrigated crops that support both farming and ranching productions in the region comes from the vast, but rapidly depleting High Plains Aquifer System. This depletion of the aquifer system is considered to be occurring at an unsustainable rate [1, 2, 4, 42] . The United States Geological Survey's (USGS) High Plains Aquifer Water-Level Monitoring Study [40] reports that irrigated acreage increased rapidly from the 1940s to the 1980s, with 2.1 million acres irrigated in 1949 and by 1980 13.7 million acres were irrigated [40] . Consequently, the saturated thickness of the High Plains Aquifer over the last sixty years has declined greatly, particularly in the South near Texas and Oklahoma [43] .
Comparative Study Site
Cimarron County, Oklahoma and Union County, New Mexico For the purpose of this study, we focus on two adjacent counties, Cimarron County, OK and Union County, NM, in the Southern High Plains (Figure 1 ). While the two counties are similar demographically and economically, water use regimes vary considerably, allowing for an important point of comparison.
Cimarron County, the western-most county in the Panhandle region of Oklahoma, borders portions of Texas, Colorado, Kansas, and New Mexico. With an estimated 2014 population of 2294 and a land area of~4752 km 2 (~1835 mi 2 ), Cimarron County, OK, has a population density of population density of 0.48/km 2 (1.25/mi 2 ) [44] . By comparison, Union County, the northeastern most county in New Mexico, borders portions of Texas, Colorado, and Oklahoma. Covering an area of~9903 km 2 (~3824 mi 2 ), and having an estimated 2014 population of 4297, it has a population density of 0.43/km 2 (1.12/mi 2 ) [44] . Overall, although land area and population differs between the two counties, the population density remains similar.
Both Cimarron County, OK and Union County, NM, have a semiarid climate, with an average annual precipitation of 438 mm (17.26 in.) in the more eastern Cimarron County, OK and 406 mm (16 in.) in the further west Union County, NM. The average high annual temperature for the two counties is~21 • C (70 • F) and the average annual low temperature is approximately 3.6 • C (38.5 • F) [45, 46] . During the past decade and a half, though, both counties have experienced severe to exceptional drought [37] , with annual average precipitation since 2001 diminished to 353 mm (13.9 in.) and 337.8 mm (13.3 in.), for Cimarron County, OK and Union County, NM, respectively [45, 46] . Both counties are vital ranching and farming communities in the region. Cimarron County, OK is the second largest producer of cattle in Oklahoma [47] , and in the top 2% for production of cattle in the nation. Employment from agriculture in the county makes up more than 36% of total employment [9] (p. 4). Currently, approximately 62.1% of Cimarron County's land is dedicated to rangeland and 36.9% to cropland [9] (p. 5). Of the latter, approximately 9% is irrigated [48] . Similarly, Union County, NM, is ranked second in New Mexico for cattle production and first in corn production [9] (p. 3). Approximately, 97% of Union County's agricultural lands are in pasture or rangeland, with the other 3% in cropland. Of the latter, approximately 39% is irrigated [48] . In both counties, the High Plains Aquifer System provides a majority of the irrigation water needed for farming and ranching.
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In Oklahoma, groundwater is considered the private property of the overlying surface owner, following "first in time, first in right privileges" [49] . Nonetheless, groundwater use is subject to reasonable regulation [50] by the local district's Water Resources Board. In the 1980s, the state's Water Resource Board created a water plan to establish a reliable supply of water for the state. As part of the state plan, Maximum Annual Yields (MAYs) for each basin and sub basin were created in order to ensure enough water for the next 20 years [51] . During that same time, Oklahoma also started requiring permits to drill new irrigation wells. In 2012, the Ogallala Panhandle basin MAYs were established and were set at two acre-feet per year (AFY) in the three Panhandle counties of Oklahoma (Cimarron, Texas and Beaver). Additionally, rules require that new wells being installed have to be at least 1320 feet apart from any other authorized well [50] . Though Oklahoma requires permits to drill new wells and has set well distance and quantity regulations, water usage is primarily monitored through annual self-reporting, but metering, for the most part, is not required. Cimarron County has an active Conservation District, which focuses a considerable amount of energy on educating farmers and ranchers about available government programs, such as the Environmental Quality Incentives Program (EQIP) and the Ogallala Aquifer Initiative, which provide payments for various conservation efforts. These programs are administered through the local branch of the United States Department of Agriculture (USDA)-Natural Resource Conservation Service (NRCS) in Cimarron County. Though, the EQIP program is also available nationwide and the Ogallala Aquifer Initiative is available in all areas that overlie the Ogallala Aquifer as well [52] .
In New Mexico, given growing concerns over the sustainability of the High Plains Aquifer, starting in the 1980s, groundwater governance changed dramatically [53] . Instead of "first in time, first in right" preferences, groundwater usage falls more directly under the jurisdiction of the state. Declared water basins place water resources and regulatory rights under the control of the State Engineer. Consequently, permits are issued under the discretion of the State Engineer in areas with such declared basins [54] . Union County, NM, became part of a declared basin in 2005 [54] . Once declared, permits are required to drill new wells for irrigation, similar to Oklahoma. In addition, any new well applications must be posted in local newspapers, and can be contested by others who feel their water rights could be impaired [55] . Furthermore, well spacing and restrictions on the amount of water that can be withdrawn are in place. Water usage is monitored through monthly self-reporting and metering is required. Water restrictions, however, are also regulated by local water districts [55] . Union County specifically, is part of the Cimarron Water Rights District.
Informal governance is also important in water conservation. In Union County, NM, local regulatory and conservation efforts include Union County's Soil and Water Conservation District (UCSWCD). The UCSWCD is quite actively involved in promoting sustainable groundwater conservation and use. Starting in 2010, Union County's Soil and Water Conservation district started a well monitoring project with volunteer community members in the area. The Union County Hydrogeology Project takes biannual measurements of wells for static water levels (including withdrawal and recharge rates), and subsurface geological data [56] . In general, New Mexico groundwater governance includes a more diverse array of both formal and informal actors-such as the State Engineer, the local water district, and through local partnerships and citizen science projects.
Overall, as part of the High Plains Region, both counties have seen a notable increase in CPI acreage for ranching and agricultural uses over the past 65 years. This increase has changed the landscape considerably. The decline in water levels from the extensive irrigation, pressures from cyclical drought, technological advances, and economic transformations has put great amounts of stress on agriculture in the region. In turn, these stresses have created more vulnerable communities that are reliant on irrigated agriculture for their livelihoods [1] .
Data Sources
We acquired historical and current high-resolution aerial photography representing periods of significant change in technology, climate or policy. Periods under investigation included the mid-1950s, which served as the baseline for change; the mid-1980s, representing the transition from flood irrigation to CPI with changing water regulations; the mid-2000s, representing the beginning period of sustained drought, and the mid-2010s, representing a period following over a decade of sustained drought, the Union County Hydrology Project, and stricter NM water regulations (see Sections 2.1 and 2.2 above). Due to data availability, concurrent years of aerial photographs were not always available for each county. In such instances, we attempted to use a maximum of one-year difference for inter-year comparisons between counties. All aerial photography datasets were acquired in or converted to a digital format. However, the photographs from the 1950s and 1980s came in multiple tiles and were not georeferenced. As needed these data were scanned, cropped, and georeferenced. Years acquired, data sources, and a brief description of each dataset utilized is listed (Table 1) below. 
Methods
Geographical Information Systems (GIS) and Remote Sensing (RS) Analysis
Using visual interpretation techniques, we identified and digitized CPI circles from the imagery for each of the timeframes under investigation. Given the high resolution of the imagery, we were able to distinguish areas under active irrigation from those fields that have been abandoned and overgrown or not uniformly irrigated as would be the case with CPI. In order to assess the accuracy of the classification, we generated 100 random points within the High Plains Aquifer System boundary, evenly split between the two counties (i.e., 50 points per county). For each year, we assessed whether CPI circles should have been digitized at the location of the randomly generated points. Using basic GIS overlay techniques, we then determined whether there were any errors of omission or commission for each year under investigation. We then refined the classification based on this assessment, adding additional or removing spurious circles. Once all CPI circles were properly digitized, we quantified the amount of land under CPI and calculated the proportion of change between one year to the next. To ensure we only included CPI systems within the High Plains Aquifer System, we excluded all CPI circles with water sources outside the aquifer by using a GIS layer of the Aquifer to create a mask ( Figure 1 ). Though Cimarron County, OK has a much larger proportion of its land (79%) overlaying the High Plains Aquifer System than Union County, NM (40%), the two counties are comparable in terms of the actual land area overlaying the system (378,466 ha (935,209 ac.), and 402,688 ha (995,063 ac.), respectively). Nonetheless, not all geographic areas overlaying the system are suitable for CPI based on key characteristics, such as the saturated thickness of the High Plains Aquifer at the site, prohibitive costs, topography, and/or overall suitability for irrigation.
Next, we utilized a stepwise approach, comparing each digitized year to the proceeding digitized year, identifying CPI expansion and/or contraction through standard GIS overlay processes [57] . These analyses were conducted at the individual county level for comparison purposes. Specifically, we used ArcGIS 10.2 (Redlands, CA USA) for all GIS/RS analysis. Lastly, to test whether the proportionality of change between counties differed, we set up a contingency table and tested for significance using a chi-square goodness of fit test.
Qualitative Field Methods
Key informant interviews (n = 20) occurred in Cimarron County, OK and Union County, NM, in Spring 2015. The themes explored in the key informant interviews are informed by 100s of hours of participant observation, as well as the results of previous research completed in conjunction with a larger National Science Foundation (NSF)-funded project in Summer 2014 [58] . Human subject protocols for the project ensure participant confidentiality. Therefore, all interviews used here are presented anonymously. Participant observation from prior fieldwork, including introductory community meetings, revealed common issues and concerns that helped to guide selected research topics for this study. Key informant interviews were semi-structured having several predetermined questions asked of each informant, while at the same time being open to capitalize on an interviewee's expert knowledge. Each interview ranged from minimally 30 min up to two hours. During the interviews, extensive hand-written notes were taken. The key informant interview questions focused around the following major themes: concerns over irrigated agriculture and water governance, water regulations, community dependence on agriculture, CPI usage, vulnerability (self-defined) and drought, and the future of irrigated agriculture in the region. Rather than assuming a priori knowledge or predefining concepts such as vulnerability or resilience for the interviewees themselves, questions centered on self-definitions and focused mainly on explaining differences in perceptions (what, how, and why).
To select interviewees, we used a stratified snowballing technique [59] . Stratification ensured a balanced group of opinions from a range of both officials and residents. In both counties, the interviews started with local officials from relevant agencies. At the end of each interview, the interviewees provided additional names of individuals who might also be interviewed. Overall, ten interviews were conducted in each county. Of the ten in each county, five included either government workers or officials (also residents of the counties), while the other five in each county were local community members. Further, the stratification of interviewees ensured a combination of (male and female) ranchers, farmers, irrigators, non-irrigators, including people from rural and urban areas. While snowballing sampling techniques were used, we started with multiple sources in order to systematically interview a varied group of people in order to gain diverse perspectives.
As the interviews progressed, we employed an open grounded coding method to start finding common themes in the responses. This coding technique enabled themes to emerge through constant data reduction, comparison and reassessing of notes to then collect more data on any emerging themes and patterns [60, 61] . The responses to each question asked to the interviewees first were summarized into a few words. This was done in order to identify common words and responses that emerged throughout the interview. As the interviews progressed further, more questions emerged, which were then used to guide and direct the next interviews and observations [62] . Assessing the interview responses at the end of each day ensured that new themes were identified and answers to the research questions began to emerge.
After all of the interviews were conducted, a final coding system was created. Percentages of respondents are presented for the primary codes. First, responses were coded to evaluate the practices and policies that influence CPI growth. Secondly, responses were coded to evaluate perceptions of CPI use in relation to vulnerability and drought.
Results
Geographical Information Systems (GIS) and Remote Sensing (RS) Results
The aerial photographs from 1950s did not reveal any CPI in either county, thereby serving as a useful baseline from which subsequent change could be gauged. The lack of CPI during this time was also confirmed by historic information garnered from community meetings at the start of the research project (Summer 2014). Furthermore, research by McKnight [63] states that CPI did not begin to emerge extensively until the 1980s. By the 1980s, our results indicate 342 CPI circles covering 17,845 ha (44,097 acres) were present in Cimarron County, OK and 341 CPI circles covering 16,951 ha (41,887 acres) were present in Union County, NM. Within Cimarron County, OK, these CPI circles averaged~52 ha (129 acres) in size, and were concentrated primarily in the northeastern and southwestern portions of the county. Within Union County, NM, the CPI circles average~50 ha (123 acres) in size, and were found almost exclusively along the eastern edge of the county (Figures 2-4 ). (Figures 2-4) . In Union County, NM, though, the CPI remained confined primarily to the south-central/southeastern portion of the county and the average area increased slightly, 50 to 52 ha (123 to 128 acres).
As drought conditions worsened and water levels dropped, both counties saw several CPI systems taken out of production, while others appeared elsewhere. However, while Cimarron County, OK, saw a net increase in both the number of CPI circles and total area under CPI, Union County, NM, experienced a net decrease in both. More specifically, by 2013, Cimarron County, OK, had a total of 625 CPI circles covering an area of 32,326 ha (779,879 acres), a 7.76% increase in area from 2005 values. By comparison, Union County, NM, had 403 CPI circles covering an area of 20,696 ha (51,141 acres), representing a 5.66% decrease in area from 2005. Nonetheless, the average size of the CPI circles remained fairly constant in both counties Figures 3 and 4 . In general, both the additions and contractions of CPI systems occurred in those areas already dominated by CPI (Figure 2) .
Overall, from the mid-1980s to the 2014, both Cimarron County, OK and Union County, NM, witnessed a net increase in lands utilizing CPI systems, increasing by 81.14% and 22.09%, respectively. Over the last decade, though, a period that experienced sustained, often extreme drought as well as dropping aquifer levels with little recharge, Cimarron County, OK, saw an increase in CPI irrigated lands by 7.76%, whereas Union County, NM, saw a decrease by 5.66%. Furthermore, the proportion of change in Cimarron County, OK, from the 1950s to 2010s was significantly higher from that in Union County, NM (p < 0.000). Next, we explore the qualitative results to explain these patterns.
Coding Results from Key Informant Interviews
Key informant interview questions and subsequent response categories are organized into two subsections. The first subsection explores how policies and practices influence center pivot irrigation (Figures 2-4) . In Union County, NM, though, the CPI remained confined primarily to the south-central/southeastern portion of the county and the average area increased slightly, 50 to 52 ha (123 to 128 acres).
Key informant interview questions and subsequent response categories are organized into two subsections. The first subsection explores how policies and practices influence center pivot irrigation growth. The second subsection examines how local communities perceive the role of CPI use in relation to vulnerability and drought.
Policies and Practices Influencing CPI Growth
The key informant interviews reveal many different policies and practices are influencing the growth of CPI. These policies and practices fit into three main coded categories: economic influences, aquifer availability/water level influences, and water rights/policy influences (Table 2) . Furthermore, each of these main categories contains subcategories of further coded common responses to interview questions. The responses to key informant questions in each of the two counties are, in general, similar, except for in the third main category (water rights and policy influences). These differences are due primarily to their state's differing water rights and policies. 
Economic influences in CPI Growth and Use
Ninety-three percent of respondents stated an economic incentive as the primary influence on the use of CPI. More specifically, the productivity and return that farmers and ranchers get out of an irrigated circle far exceeds the profits from non-irrigated land. Various interviewees argued that CPI use would continue as long as there was economic incentive to irrigate.
Overall, the price of corn was the primary economic driver of CPI use, with nearly 77% of respondents citing its importance. A few respondents (15%) noted the related growth of ethanol and ethanol plants as another factor influencing corn production and the subsequent increase in CPI use. Of the 77% who mentioned the role of corn, about half also mentioned the role of gas prices in influencing CPI use. Weak gas prices make irrigation costs much lower, driving profit margins up. The ranching economy is also closely linked to corn production and CPI irrigation. Corn and grains are used as feed to supplement cattle diets when grass is not sufficient. In particular, as explained by one rancher, local feedlots use a "great amount of feed to support their operations", and, thus, also influence the regional market for corn. Additionally, some ranchers and/or feedlot businesses irrigate their pasturelands in order to grow enough grass to support their operations.
Over half (54%) of respondents stated that federal subsidy and conservation programs also influenced CPI use. Such programs either encourage or discourage irrigation. Examples include federal programs such as EQIP, the Conservation Reserve Program (CRP), and crop insurance. Some programs, such as the CRP, encourage conservation efforts by effectively putting land out of production. In Union County, NM, one official stated that "more land was actually going into CRP" than being used for irrigation. Other programs, such as EQIP, help to subsidize the irrigation system costs of the towers or high efficiency sprinklers. Furthermore, crop insurance programs influence market structure through guarantees if crops fail. However, a few respondents claimed that the incentives offered for conservation by some programs were not enough to discourage irrigation. As one farmer argued, "the payments were little compared to the profits from irrigating." In fact, in Cimarron County, OK, both residents and officials expressed concerns about the amount of land going out of the CRP program [64] .
Drought also appears to influence CPI growth and use. Drought exacerbates water availability and creates the need for more irrigation. The majority (75%) of respondents linked CPI usage to drought either directly or indirectly. For instance, during times of drought, CPI systems are never turned off because there is no supplemental rainfall. One farmer specified that during drought they "pump all they can" to keep up production. Furthermore, drought increases the use of feed in the ranching industry by decreasing the available grassland for grazing herds. This is turn, makes supplemental food all the more necessary.
Aquifer Availability and Water Level Influences on CPI Growth and Use
Key informant interviews (85%) revealed that more recent changes in CPI occurred due to varying water levels from the aquifer. A few respondents (15%) stated that water level drops started to become noticeable in the 1990s. Though, they also argued that more recently (within the last 10 to 15 years), many wells across the two counties have declined even more substantially. Many respondents claimed that numerous irrigators had to either drill deeper to reach water, or drill new wells because of these decreases. In addition to dropping water levels, well yields decreased considerably as well. One farmer explained that his original wells drilled in 1972 were previously "pumping 1200-1300 gallons per minute", and that now, they were "down to 600 gallons per minute". Many others interviewed from both counties told a similar story.
In order to adapt to dropping water levels and pressures, respondents stated that irrigators had to adjust their irrigation methods (45%). These methods directly impact the increases or decreases in CPI use. Some farmers and ranchers recently started to reduce their full circles, to half or even a fourth of the original size. Though identifying this type of change was not analyzed in the remote sensing component of this research, this is still an important adaptation to note. The reduction in circle size decreases the amount of water needed, but also reduces the CPI acreage. An irrigating farmer stated that another reduction method irrigators are using "is removing one to three or more towers from the ends of their CPI systems". This reduces the diameter of the circle and therefore requires less pressure and water. Some farmers mentioned that irrigators were using three to four or more pumping wells to irrigate one circle. While this does not necessarily decrease CPI acreage, it may cause an increase in wells drilled. However, a decrease in area can also occur due to multiple pumps being needed for one circle instead of each well irrigating its own circle.
Water Use Policies and Restriction Influences on CPI Growth and Use
While both counties require well drilling permits, the process, control, and regulation of permitting differs widely. The water use policies also differ by county based on the different policies of each state.
In Cimarron County, OK, only 37% of informants perceived CPI restrictions of note. Many noted that while applying for a permit to drill a well is required, the process is not particularly restrictive. One restriction requires the permit applicant to post a public well-drilling announcement in the newspaper. However, at least one resident suggested that a well application could be contested and would still be given a permit. Additionally, they noted that the decision process was not very transparent to the person contesting the permit [64] . Although these restrictions are in place, many respondents stated that new large wells are still going in. One farmer claimed that it was a "race to the bottom", while another farmer described it as "a race to the last drop". Thus, the regulations in Oklahoma, in practice, may create a less restrictive environment for drilling new irrigation wells: this, ultimately, may encourage CPI growth in Cimarron County, OK.
In Union County, NM, on the other hand, 70% of residents noted CPI restrictions. In particular, residents mentioned that the area was declared a closed basin around 2005. An official stated that this meant, "no new permits could be issued, but older wells could be drilled deeper or smaller supplemental wells for cattle or homes could be drilled." However, a few individuals also noted this was not always strictly enforced, and that loopholes existed, although family farmers and small ranchers felt the most restrictions. One exception involves the drilling of supplemental wells designated for home or cattle use. Though some respondents made arguments for loopholes, most residents felt that new permits were rarely granted. As one informant stated, "the area actually had more wells going out than in." In part, these changes may be due to the strong presence and education efforts of the water hydrology project and UCSWCD, where some residents shut down their wells due to the results of such studies. Overall, responses indicate that the policies of New Mexico create a more restrictive environment for drilling, and subsequently, appear to discourage CPI growth in Union County, NM.
How Local Communities Perceive the Role of CPI Use in Relation to Vulnerability and Drought
Local perspectives regarding the role of CPI use in relation to vulnerability and drought, fit into four main categories/concerns. These include: concern for water levels and the community, agriculture that is reliant on irrigation, drought exacerbates issues, and the future of irrigated agriculture in the region (Table 3) . Each of these main categories is further sub-coded based on common responses to interview questions (below). Many of the responses in each of the main categories are the same for both counties, especially in regard to concern over water issues and drought. However, the two counties differ slightly, particularly in their expressed reliance on irrigated agriculture. In both counties, 100% of respondents claimed that the number one concern in the area is water depletion and/or dropping well water levels. All informants expressed awareness of dropping water levels. Furthermore, 100% of informants stated that their water supply was finite. However, they expressed various levels of concern regarding aquifer depletion. In Cimarron County, OK, respondents expressed concern for the new large industrial wells that were still being drilled, coupled with few regulations to prevent more from going in. One farmer stated that others were "putting in a lot larger pumping wells within the last 4 to 5 years". In Union County, NM, ranchers commonly expressed concern over the sustainability of both their cattle and house wells. Given that many ranches are located near farms with large irrigation wells, this was a great concern. In both counties, many respondents felt concern over depleting wells and argued something needed to be done now. Others in both Cimarron County, OK and Union County, NM, agreed something should be done, but also suggested that adaptations could be made when necessary at a future time.
Another primary concern, for 57% of respondents from both counties, was the loss of aquifer water and its impact on their entire communities (both rural and urban areas). Residents rely on groundwater for their homes and businesses, and few other sources of water exist. One local resident stated that this is "the single most important issue they all face", and that if "they don't have drinking water, they don't have a community". Additionally, most informants in both communities perceived themselves as being connected to agriculture in some way, and relied on ranching and farming (directly or indirectly) as their main economic source. A potential loss of agricultural production and revenues was perceived to lead to a major economic upset for the entire community.
Concerns over Agriculture that is Reliant on Irrigation
When asked about the area's reliance on irrigation for agriculture, the respondents in each county varied to some extent. In Cimarron County, OK, a greater number of residents perceived themselves as being more directly connected to irrigated farming. Not only were farmers heavily dependent on irrigation, but also 100% of respondents from Cimarron County, OK, said they were connected to irrigation in some way. For instance, ranchers often rely on farmers for hay. One farmer stated that a loss of irrigation "would change the economics of the area". More specifically, residents expressed concerns that industries which supported irrigation would leave, as would the other industries connected to them, thus creating a domino effect on the economy.
In Union County, NM, 60% of informants (mainly ranchers and farmers) stated concern over the continued reliance on irrigation for agriculture. Ranchers, in particular, expressed concern for depleting ground water levels, given that much of the water for their cattle is pumped from the aquifer with little other water available. Though, other ranchers believed that because they did not irrigate, they were not particularly vulnerable to aquifer depletion. More so, a few informants did not express much concern for future water sustainability, given the more limited amount of farming in the area. Overall, fewer non farmers or cattle ranchers expressed concerns over the reliance on CPI, compared to residents in Cimarron County, OK.
Drought Exacerbates Issues
For both counties, the most recent extended drought period (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) worsened the issues of water depletion and reliance on irrigation for agriculture (50%). This was especially true for farming operations. Though corn production in the area always required irrigation regardless of drought, supplemental rainfall reduced the need for extensive irrigation. However, with excessive drought, farmers found it necessary to increase the use of irrigation. For ranching operations, drought created issues with food supply for cattle herds. Ranchers had to increase supplemental feed and hay to make up for the lack of grass. In both counties drought created more concern over already prevalent issues.
Concerns over the Future of Agriculture in the Region
While all interviewees expressed concern over water issues and the depleting aquifer, 81% still were optimistic about the future of agriculture. In Cimarron County, OK, some farmers are already trying to grow crops that are less water intensive. These farmers are also adopting other conservation practices such as sprinkler and GPS technology changes, including precision agriculture. In Union County, NM, some ranchers stated that a decrease in irrigation is already occurring and this trend would continue. Though some shifts appear to already be taking place in both counties, respondents are aware that more shifts in practices need to occur. In Cimarron County, OK, respondents suggested potential future options, such as changes in crop types, as well as a return to dry land farming. More so, a local resident hoped that "science will move fast enough," by creating drought resilient Genetically Modified Organism (GMO) crops, to better address the issue. In Union County, NM, most often respondents offered that the land needs to return to rangeland or go into CRP land. One resident even argued that the community "needs to look into an economy that is not so much reliant on agriculture". Regardless of the types of change, the major concern over the effect of such changes on the entire community was still at the forefront.
Overall, most interviewees expressed increasing vulnerability to drought and groundwater issues. Vulnerabilities centered primarily around concerns over water depletion and the entrenched community connection to irrigated agriculture (or the products from irrigated agriculture). Such dependencies had a perceived potentially negative impact on both communities. At the same time, many remained optimistic that adjustments might still be made to maintain agricultural operations well into the future, which in turn, might also reduce future vulnerabilities.
Discussion
The coupled remote sensing/GIS and key informant interviews analysis provides valuable insight into both the changes in center pivot irrigation over time and the factors influencing these changes. Moreover, the comparative approach of studying adjacent counties with different water governance regimes provides further insight into the CPI dynamics. Similar research in the study area looking at differential land tenure regimes [58] , indicates that differential governance of public lands, in part, explains land management decisions and consequent environmental outcomes. Our results here indicate that water management decisions may be influenced by state level policy, as well as more localized formal and informal governance. Coupled with regional climate variability, in particular periodic drought, our findings have implications for the broader High Plains Aquifer System both regionally and beyond.
The remote sensing and GIS analysis shows that both Cimarron County, OK and Union County, NM, had a rapid expansion in CPI between the 1950s and 1980s. Though CPI continued to grow in both counties over the preceding two decades, the rates of change varied significantly between the two counties. As drought conditions worsened, Cimarron County, OK, saw a continued increase in CPI. The growth in CPI was originally, in part, an adaptive mechanism to drought. However, continued drought, greater water usage, and dropping water levels compounded issues, ultimately causing dependency on CPI. Thus, leading to the drilling of increasingly more wells over time. Conversely, after 2010 in Union County, NM, a decrease in CPI occurred in response to sustained drought and dropping water levels.
The qualitative results show that the decrease in CPI in Union County, NM, since 2010, as well as the as the overall slower growth rate compared to Cimarron County, OK, is likely attributed to differences in groundwater governance regimes. Although the groundwater governance laws appear to be adequately regulated (on paper) in both counties, in reality the differences between counties/states are distinct. While Oklahoma requires permits to drill new wells and has set well distance and quantity regulations, requirements for water usage reporting appears less precise (e.g., annual self-reporting, metering generally not required). As a result, groundwater regulations are perceived by some local residents as being less restrictive. These perceptions may lead to groundwater management problems, or classic free-rider or commons dilemmas [65] . Furthermore, we found little local citizen involvement in informal water governance or groundwater education. Although the Cimarron County Conservation District has programs to modestly support better groundwater management, most residents in the county appear to have limited interactions with their conservation district.
Union County, NM, on the other hand, has a more localized governance structure through the support of a local water district, as well as active informal governance, water monitoring, and outreach and education through the local Citizen Science Project (Union County Hydrology Project) in conjunction with the more active outreach of the Union County Soil and Water District. As work by Pahl-Wostl [66] (p. 363) on water governance regimes shows, "more complex and diverse [here, formal and informal] governance regimes have a higher adaptive capacity". As a result, for better groundwater management, we suggest that there is a need to create more opportunities for active participation in groundwater management issues between citizens, communities, local governments and the state, along with more education on groundwater issues, in general.
The impact of differential governance is further supported, in part, by the key informant interviews in which we found similar attitudes in both counties. The simultaneous high corn prices, driven in part by new demands for ethanol, and low gas prices, appear to provide an economic incentive to irrigate study area-wide. Moreover, sustained drought and concurrent need for animal feed appear to further encourage greater implementation of CPI. Nonetheless, only Cimarron County, OK, witnessed such an increase, while Union County, NM, actually experienced a decrease. Part of these differences may be explained by different needs of farmers and ranchers. Whereas ranchers may be less vulnerable to declining water levels in times of extended drought, farmers, even those who grow primarily dryland crops, are increasingly dependent on irrigation for economic survival.
The importance of sustainable groundwater use and impacts on local and regional resilience also extends beyond the study area. Both Cimarron County, OK and Union County, NM, are not only important agriculture producers for their respective states, but also for the nation, as a whole. Indeed, losing agricultural production from this region could impact food security for the nation as a whole.
Additionally, the issue of water level declines and potential impacts on U.S. agriculture are occurring in other parts of the country, as well, particularly in California. Similar to the study area counties, drought in California is requiring more irrigation, and water levels are dropping drastically with potential to impact the entire U.S. food supply [67] . As such, this study's results can be used to help identify drivers of irrigation use as well as to identify sounder management practices and policies in the study area and beyond.
The governance and vulnerability and resilience framework employed in this study illustrates the importance of governance in providing opportunities and/or constraints in natural resource management. In this study, governance, primarily from state-level governmental institutions, may lead to differential changes and adaptive responses, via center pivot irrigation systems. In particular, more lax regulations in Oklahoma coupled with less precise self-reporting policies appear to have fostered growth in CPI, whereas a tighter regulatory regime and greater participation with local stakeholders on water conservation issues in New Mexico appears to have discouraged or contained CPI growth. Thus, these differential adaptations may lead to one community being more reliant on and vulnerable to irrigated agriculture than the other.
Scope and Limitations
This research used a mixed methods approach, with a substantial focus on open-ended and qualitative data that was rigorously coded to provide context for the remote sensing analysis. The primary drivers mentioned in this article may, therefore, be limited to the specific perspectives of our stratified sample. However, our extensive fieldwork experiences in the region since 2008 [47, 58, 68, 69] suggests that these arguments are likely representative of the entire study area. Future research could be expanded to add more detailed information about ecological data such as saturation thickness, crop circle size and adjustments, agricultural change from agricultural census data, among others to better tease out and compare other potential drivers of change beyond individual perceptions of such change. Regardless, we argue that qualitative data regarding complex human-environment perceptions provide rich context that would be difficult to unearth through quantitative methods or indices alone. Instead, we recommend combining mixed methods approaches in diverse ways for additional understandings related to the complex nature of social-ecological vulnerability and resilience in relation to water management issues.
Conclusions
Since the introduction of center pivot irrigation to the High Plains Aquifer System in the mid-20th Century, groundwater mining has become a growing concern. Nearly one-fifth of all U.S. wheat, corn, cotton, and cattle production and 30% of all cropland irrigation is supported by this extensive aquifer system underlying eight states [70] . However, the groundwater of this vital system is being depleted at unsustainable rates [1, 2, 4, 5] , threatening the agricultural economy throughout not only the region, but also the nation as a whole.
Finding sustainable solutions to rapid groundwater depletion, especially in the face of periodic drought as well as longer-term concerns related to climate change, is imperative. However, a patchwork of state and local level regulatory regimes inhibits a single approach to address the ongoing issue. In this study, we focused on two adjacent counties in the Southern High Plains in order to explore how differential governance fostered groundwater management practices. Our results show that at the state, and even at the county-level, formal and informal governance may have profound impacts on groundwater management decisions. With the ever-present possibility of recurrent drought and other effects of climate change, agriculturists in the region are increasingly vulnerable to groundwater depletion. In order to best understand the challenges that may lie ahead, a comparative approach focusing on both formal and informal groundwater governance throughout the eight-state area of the High Plains Aquifer is needed to provide the greatest insight into the policies that work best in crafting more resilient communities in the face of dwindling groundwater resources.
